Introduction
The genus Geodermatophilus [1] together with the genera Blastococcus [2] , Cumulibacter [3] , Klenkia [4] and Modestobacter [5] form the family Geodermatophilaceae [6, 7] of the order Geodermatophilales [8] which belongs to the class Actinobacteria [9] . Geodermatophili are recognised by using a combination of chemotaxonomic, morphological and physiological properties [10] . They are aerobic, Gram-stain positive actinobacteria which produce rudimentary substrate hyphae that develop into multilocular vesicles which release motile or non-motile propagules; have meso-diaminopimelic acid (meso-A2pm) as the diamino acid of the peptidoglycan, fatty acids rich in iso-branched components, tetrahydrogenated menaquinones with nine isoprene units (MK-9[H4]) as the major isoprenologue, glucose, galactose, mannose and ribose as diagnostic sugars; complex polar lipid patterns that generally contain diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylcholine, phosphatidylinositol and usually phosphatidylglycerol and a genomic DNA G+C content within the range 74.0-76.0 mol% [4, 11, 12] .
A C C E P T E D M A N U S C R I P T
At the time of writing, the genus Geodermatophilus encompasses 18 validly published species that form a well-supported clade in the Geodermatophilaceae 16S rRNA gene tree [11] [12] [13] and which can be distinguished using a broad range of phenotypic properties [11, 12, 14] . Nearly all of these taxa have been recognised within the last five years, as exemplified by Geodermatophilus amargosae [13] , Geodermatophilus aquaeductus [15] , Geodermatophilus bullaregiensis [11] , Geodermatophilus nigrescens [16] , Geodermatophilus sabuli [17] and Geodermatophilus pulveris [12] . Despite the recent surge in the number of Geodermatophilus species the genus remains underspeciated [18] [19] [20] . Geodermatophilus strains tend to be associated with soils, notably desert soils [1, 16, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] though there is evidence that they are more widely distributed in the environment [15, 30, 31] .
Geodermatophili tend to be resistant to adverse environmental conditions such as desiccation, ionizing radiation and UV light [11, 12, 15, 30, 32] . Analyses of the genome [33] and the proteome [34] of the type strain of Geodermatophilus obscurus, the type species of the genus, provide an insight into how geodermatophili adapt to extreme environmental conditions, relevant factors are considered to include pigmentation, catalase production and DNA repair mechanisms.
The present study was undertaken to establish the taxonomic provenance of three representative Geodermatophilus strains isolated from an extreme hyper-arid Atacama Desert soil. The isolates, strains B12 T , B20 and B25, were compared with the type strains of Geodermatophilus species using genotypic and phenotypic properties known to be of value in the delineation of species of Geodermatophilus [11, 12, 25] and found to form a novel species. The name proposed for this species is Geodermatophilus chilensis with isolate B12 T as the type strain. Analysis of the whole genome sequence generated for this strain gave an insight into how such strains may have adapted to the harsh environmental conditions prevalent in extreme hyper-arid Atacama Desert soils.
Materials and methods

Isolation of strains
Geodermatophilus strains were isolated from an extreme hyper-arid soil sample collected by one of us (ATB) in November 2010 from the Yungay core-region of the Atacama Desert (24° 06'18.6''S/ 70° 01° 55.6W) at 1002 m above sea level. One gram of the soil sample was suspended in 4.5 ml of ¼ strength Ringer's solution (Oxoid), shaken on a tumble shaker,
heated at 55°C for 6 minutes prior to preparation of 10 -2 and 10 -3 dilutions in Ringer's solution. Aliquots (100µl) of each of the tenfold dilutions were spread, in triplicate, over
Geodermatophilus obscurus agar [35] supplemented with nalidixic acid (10µg/ml) and cycloheximide and nystatin (each at 25µg/ml). The isolation plates had been dried for 15 minutes at room temperature before incubation, as recommended by Vickers and Williams [36] . After incubation at 28°C for 2 weeks presumptive Geodermatophilus isolates were counted and expressed as the number of colony forming units (cfu) per gram dry weight soil. shaken at 180 rpm in 500 ml baffled flasks for 7 days at 28°C following inoculation with 10 ml of the respective strains prepared in 50 ml of the same medium; the biomass preparations were washed twice in distilled water and freeze dried. Biomass for the corresponding fatty acid analyses was prepared from slopes of GYM Streptomyces agar that had been incubated for 4 days at 28°C then washed twice in distilled water and freeze dried. In turn, biomass for the molecular systematic studies was prepared from 5 ml GYM Streptomyces broths which had been incubated at 28°C for 10 days prior to washing twice in distilled water and stored at room temperature.
Phylogenetic analyses
Genomic DNA was extracted from isolates B12 T , B20 and B25 following the procedure described by Kieser et al. [37] . [41] . Phylogenetic trees were inferred using MEGA software version 7.0 [42] and the neighbour-joining [43] , maximum-likelihood [44] ,
and maximum-parsimony algorithms [45] with 1000 bootstrap repetitions [46] . Alignment of the nucleotide sequences was achieved with MUSCLE software from MEGA [47] and evolutionary distances calculated with the Kimura-2-parameter model [48] . 
BOX typing
BOX-PCR fingerprints from genomic DNA extracted from the isolates were generated using the BOX A1R primer [49] and experimental conditions described previously [50] .
Chemotaxonomy
The isolates were examined for chemotaxonomic markers found to be of value in the systematics of Geodermatophilus species [11, 12] . Standard chromatographic procedures were used to establish the isomers of A2pm [51] , isoprenoid quinones [52] , whole-cell sugars [53] and polar lipids [54] with minor modifications from Kroppenstedt and Goodfellow [55] followed by two-dimensional thin-layer chromatography; isoprenoid quinones extracted from Micromonospora luteifusca GUI2 T [56] were used as standards. In addition, fatty acids extracted from the isolates were methylated, analysed by following the protocol of the Sherlock Microbial Identification (MIDI) system, version 5 [57] and the resultant peaks identified using the ACTIN 6 database; the notation was according to that described in Montero-Calasanz et al. [30] . In addition, isolate B12 T was examined for motility and morphological features using methods described by Trujillo et al. [60] .
Phenotypic properties
The isolates and G. obscurus DSM 43160 T were examined for a broad range of phenotypic properties known to be of value in the circumscription of species classified in the family Geodermatophilaceae [11, 61] . Enzyme profiles were determined, in duplicate, using API [30] . The GYM Streptomyces medium was used to test
the capacity of the strains to degrade casein (1%, w/v), cellulose (1%), elastin (0.3%), gelatin (0.3%), guanine (0.5%), hypoxanthine (0.4%), starch (1%), L-tyrosine (0.4%), uric acid (0.5%) and xanthine (0.4%); their ability to degrade tributyrin was determined using tributyrin agar (Sigma-Aldrich). All of these tests were recorded after incubation at 28˚C for 14 days. Aesculin (0.1%) and arbutin (0.1%) hydrolysis were carried out using media and methods described by Williams et al. [65] , the hydrolysis of urea (0.2%, w/v) after
Christensen [66] and nitrate reduction following Schaal et al. [67] . Catalase production was detected by the formation of bubbles after mixing a drop of 3% hydrogen peroxide to fresh growth of the cultures on glass slides. Oxidase activity was determined in a 1% w/v solution
-phenlydiamine (Sigma-Aldrich) and the development of a blue purple colour recorded as a positive result [68] . The degradation and tolerance tests were carried out using a cell suspension equivalent to 5 on the McFarland scale [69] in Replidishes (Sterilin) that were inoculated using a multipoint inoculator (Denley Instruments Ltd; UK).
The tolerance tests were carried out in triplicate and incubated for 3 weeks at 28°C, apart from the temperature tests.
Whole genome sequencing of isolate B12 T and genomic analyses
A single colony of strain B12 T was used to inoculate 5 ml BHI broth (DSMZ medium N° 215) and incubated at 28°C in a shaking incubator for 48 hours. Genomic DNA extracted from 1.5 ml of the culture was sequenced on an MiSeq instrument (Illumina). The reads were assembled into contigs using SPAdes 3.9.0 [70] and contigs <1000 bp in size discarded. The draft assembly has been submitted to GenBank (accession no.: NVPT00000000) and is publicly available. The genome sequence of G. obscurus DSM 43160 T was obtained from GenBank (accession no.: NC_013757). The genomes of strains B12 T and G. obscurus DSM 43160 T were annotated using the RAST pipeline and a sequence based comparison made using the SEED Viewer [71, 72] . A two-way BLAST based average nucleotide identity (ANI) between the genomes of the strains and a two-way average amino acid identity (AAI) between their protein sequences were calculated using the online resource from the K.
Konstantinidis group (http://enve-omics.ce.gatech.edu/; [73] ). The digital DNA-DNA hybridization (dDDH) values between of the genome of the strains were calculated using the genome-to-genome distance calculator, GGDC 2.0 [74, 75] . Gene clusters for natural products were predicted using antiSMASH [76] .
Small numbers of strains growing on the isolation plates were assigned to the genus Geodermatophilus as they formed irregular, black colonies; the overall colony count of these isolates corresponded to 16.4 cfu per gram dry weight soil; strains B12 T , B20 and B25, taken to represent these colonies, were found to be Gram-stain positive and non-motile. They grew well on ISP media 2, 3, 5 and 7 but either scantly or poorly on ISP media 4 and 6, generally producing bluish-black colonies that turned completely black after a few weeks ( Fig S1) ; diffusible pigments were not produced, apart from those formed by isolate B12 T on tyrosine agar ( (Fig 1) and short-rod and coccoid-shaped cells that had a tendency to remain aggregated.
The three isolates formed a well-supported clade in the Geodermatophilus 16S rRNA gene tree (Fig 2) . Isolate B12 T shared 16S rRNA gene sequence similarities with isolates B20 The BOX-PCR profiles of the isolates show that they are genetically diverse and hence are not clones (Fig 3) .
Chemotaxonomy
The isolates were found to contain meso-A2pm as the diamino acid of the peptidoglycan (Fig   S2) , MK-9(H4) and MK-9(H2) as predominant isoprenologues in a ratio of 10:1 (Fig S3) ,
polar lipid patterns consisting of diphosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, phosphoglycolipid with either one or two additional unidentified lipids (Fig S4) and whole-organism hydrolysates rich in glucose and galactose with traces of ribose and xylose; the other trace sugars, arabinose and mannose, were discontinuously distributed (Fig S5) . Table 2 .
Physiological tests
The isolates and G. obscurus DSM 43160 T , their closest phylogenetic neighbour, gave identical results for most of the replicated phenotypic tests, the exceptions were some of the GENIII microplates data ( Table 2 ). In turn, the isolates have almost identical phenotypic profiles though only strains B12 T , B20 and B25 gave positive results for uric acid degradation, allantoin hydrolysis and gelatin degradation, respectively; three out of the four strains were positive for α-chymotrypsin, the exception was isolate B12 T ; the G. obscurus strain was positive for α-chymotrypsin and gelatin and negative for all of the other aforementioned tests.
Isolates B20 and B25, but not B12 The isolates can be distinguished from the type strains of other close phylogenetic neighbours using a combination of chemotaxonomic and other phenotypic data (Table 2) , the data on
these strains were acquired using the same BIOLOG microplate procedure employed in the present experiments.
Genomic analysis: resolving the taxonomic status of isolate B12 T
The draft assembly of the genome (GenBank accession no.: NVPT00000000) of strain B12 [79, 80] .
Detection of genes associated with stress responses
The SEED analyses of the B12 T genome identified 163 genes that are associated with stress responses, including two genes involved in carbon starvation, a gene encoding carbon starvation protein A and another carbon storage regulator protein (Table S1 ). Carbon starvation protein A activates peptide uptake and helps bacteria to survive in low carbon environments [81] [82] [83] . The majority of the other stress response genes (67/163 genes) are associated with oxidative stress involved in different biosynthetic/metabolic activities (Table   S1 ). Twenty-six genes belonging to "Choline and Betaine Uptake and Betaine Biosynthesis" pathways, including a sox gene cluster, while additional copies of genes encoding different subunits of sarcosine oxidase are present in the B12 T genome (Table S1 ) and are associated with responses to osmotic stress [84] [85] [86] [87] [88] . Five genes of the cspA family and 15 genes assigned to the dnaK gene cluster were identified and are involved in responses to cold [22] and heat shock [89] , respectively (Table S1 ). Specific desiccation stress genes were not detected in the B12 T genome even though actinobacteria from hyper-arid soil need to cope with a dearth of available water [90] . However, as for Modestobacter caceresii KNN45.2b
T [61] , several genes associated with the biosynthesis and uptake of trehalose were detected in the genome of isolate B12 T ; this sugar has been linked with tolerance to heat and desiccation in bacteria [91] .
A copy of the uvrA gene along with a paralogue, two uvrB genes and a copy of the uvrC gene were detected in the B12 T genome; these genes belong to the uvrABC DNA repair
system and encode subunits A-C of the exonuclease ABC enzyme. Two copies of the uvrD gene present in the genome of strain B12 T encode ATP dependent DNA helicase; these genes are involved in UV resistance in Modestobacter marinus strain BC501 [92] . In addition, eight genes, including recQ, belonging to the RecFOR DNA repair pathway were identified, these genes are involved in stabilising the genome [93] . Two coxGSML gene clusters along with a coxSML cluster, a coxD protein, two genes encoding xanthine and CO dehydrogenase maturation factors (XdhC/CoxF family) and a gene encoding molybdopterin cytidylyltransferase were detected in the B12 T genome; carbon-monoxide dehydrogenases are associated with chemolithoautotrophic lifestyles in bacteria though the use of CO as a carbon and energy source [94] .
Biosynthetic gene clusters for specialized metabolites
The draft genome of isolate B12 T was the subject of genome mining using the antiSMASH server [76] . Several putative biosynthesis gene clusters were revealed including two containing protein homologues to type III polyketide synthase (T3PKS) while others were associated with the synthesis of terpenes and siderophores. The two T3PKSs were highly similar (~96% sequence identity) to Gobs_4821 of G. obscurus DSM 43160 
Discussion
Strains B12
T , B20 and B25 contained meso-A2pm as the wall diamino acid, MK-9(H4) as the predominant isoprenologue, galactose as the diagnostic sugar, fatty acids rich in branchedchain components and complex polar lipid patterns, properties consistent with their classification in the genus Geodermatophilus [7, 11, 12, 25, 26, 28] . This assignment is
underpinned by the observation that isolate B12 T produces multilocular vesicles (thalli) and has a DNA base composition rich in guanine and cytosine. The isolates formed a clade in the Geodermatophilus 16S rRNA gene tree that was supported by all of the tree-making algorithms and by a 98% bootstrap value. In turn, the three strains were most closely, albeit loosely, associated with the type strain of G. obscurus.
A range of genomic metrics are now available to distinguish between orthologous genes of closely related prokaryotic species [97] , including the calculation of ANI and AAI values [98] [99] [100] . In addition, genome-to-genome sequence comparisons have been widely used to delineate prokaryotic species while digital DDH values have been found to be highly correlated with genetic distances based on variations in 16S rRNA genes [74, 101] . In light of these developments it is encouraging that ANI, AAI and of DNA values between isolate B12 T and G. obscurus DSM 43160 T showed that these strains belong to a distinct genome species within the genus Geodermatophilus.
It is evident from the wealth of data considered above that isolates B12 This first report of Geodermatophilus strains from Atacama Desert soil provides further evidence that members of this poorly studied genus are present in habitats characterised by low water and nutrient availability, high solar radiation and marked variations in temperature [18, 21, 32, 102, 103] . It seems likely that additional geodermatophili isolated from Atacama Desert soils will be found to be new species [104] ;
culture-independent studies show that these organisms are an integral component of the actinobacterial core microbiome of such soils [105] . It is also very interesting that genes and gene clusters identified in the genome of isolate B12 T encode for properties relevant to its ability cope with harsh environmental conditions found in extreme hyper-arid Atacama Desert soils, as exemplified by genes encoding for carbon starvation, osmotic stress, response to cold and heat shocks and to UV light. Digital Protologue Taxonumber: TA00343.
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Legends for Figures   Fig. 1 . Phase contrast image of isolate B12 T following growth on GYM Streptomyces agar at 28°C for 7 days showing multilocular vesicles. Geodermatophilus type strains. Asterisks indicate branches of the tree that were also found using the maximum-likelihood (ML) and maximum-parsimony (MP) tree-making algorithms.
Only bootstrap values above 50% are shown. Scale bar, indicates the number of substitutions per nucleotide position. A 
